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CHAPTER 1: GENERAL INTRODUCTION 
Introduction 
Maize (Zea mays L.) is one of the world's most important cereals. It is 
the staple food for most Asian and African countries, and also an important 
source of calories and dietary protein to humans and animals. The world 
demand for maize has increased as world population has increased. 
Therefore, highly productive new genotypes are required that boost yield per 
unit area and nutritional value. 
The need to improve the nutritional value of maize has long been 
recognized (Vasal, 1994), especially for food in the developing countries and 
feed in the developed countries. The demand for better nutrition for food 
and feed leads breeders to search for desirable characteristics in a wide 
range of exotic germplasm. However, seed quality is usually not one of the 
selection criteria. Seed scientists are concerned that breeders do not 
incorporate seed quality characteristics in their germplasm evaluation 
programs (Burris 2000). Good stand establishment requires high quality 
seeds that produce rapid, uniform seedling emergence (McDonald, 1998). 
Seed quality factors comprise genetic purity, seed purity, pathological 
and physiological aspects of the seed. These aspects of seed quality vary 
with genotype and environment under which the parent plant was produced 
(TeKrony and Hunter, 1995; Gibson and Mullen, 1996). Environment 
represents a combination of different factors like water, temperature, light 
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and day length. Tekrony and Hunter (1995) reported that when maize 
plants were exposed to high temperatures during seed development, seed 
maturation was accelerated resulting in reduced seed weight. Gibson and 
Mullen (1996) reported similar results. They found that in soybeans, high 
temperatures during the reproductive stage decreased seed viability and 
seedling vigor. 
In recent years research has been directed to the improvement of the 
feed and food value of maize leading to the discovery of genotypes with high 
protein and oil content. In some instances breeders introgress exotic 
breeding material into elite materials. However, it is essential that the 
improvement of the nutritional value of maize is not done at the expense of 
seed quality (Burris, 2000). 
Seed companies and maize producers are interested in new genotypes 
with improved seed germination and seedling growth under a wide range of 
environments (Hoegemeyer and Gutormsen, 2000). For successful hybrid 
production into the next century, a total quality management approach is 
necessary; thus, seed quality needs to be considered at each step from seed 
development to seed delivery (Hoegemeyer & Gutormsen, 1996). 
Breeding crops for value-added traits, like oil and protein content, 
involves complex interactions among plant genetics, environment, projected 
use and available technology (Lambert, 1994). The maize inbred lines used 
in this study were bred for seed composition, and were selected within 
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original crosses between United States elite lines and exotic germplasm from 
Argentina and St Croix. Therefore, it is important to establish the seed 
quality attributes of these materials when grown in short season 
environments of the Midwest in the United States. Therefore, the objectives 
of this study are to evaluate physiological seed quality of ten maize inbred 
lines, to assess whether the effects of oil and protein composition on seed 
quality and to assess the effect of genetic background and location of seed 
production on seed quality as measured by germination and seed vigor 
tests. 
Thesis Organization 
This thesis consists of a general introduction, one paper, general 
conclusions and appendix. The paper will be submitted for publication in 
Crop Science journal. The senior author is Miriam Munamava and co-
authors are A. Susana Goggi and Linda Pollak. 
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CHAPTER 2: LITERATURE REVIEW 
Importance or maize 
Maize is one of the most important cereals worldwide after rice and 
wheat. It is the staple food for most Asian and African countries, and it is 
an important source of calories and dietary protein to humans and animals. 
Many scientists believe that maize originated in southern Mexico and 
Central America (Hoeft et al., 2000) 
Maize domestication predates written records (Boyer and Hannah, 
1994). Historically, by the time the Europeans came to the United States, 
maize was already grown extensively from southern Canada to southern 
Argentina and Chile, and throughout the Caribbean Islands (Hoeft et al., 
2000). Some of these populations of maize form the basis for breeding 
modern hybrids. Germplasm can be defined as the plant genetic resource 
or the raw material required by the plant breeders to develop a new, and 
superior crop variety (Panigrahi, 1992). Maize was introduced from other 
areas and it is adapted to conditions in the US. 
Nutritive value or maize 
The maize kernel is composed of 70-75% starch, 8-10% protein and 
4-5% oil (Boyer and Hannah, 1994). Research to improve maize nutritional 
value began in the late part of the 19th century (Vasal, 1994). Maize has low 
protein content. In most cases, it must be supplemented to improve protein 
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quantity in the feed and food. The need to improve the nutritional value of 
maize has long been recognized (Vasal, 1994), especially for food in the 
developing countries and feed in the developed countries. 
Germination and seed vigor 
Seed physiologists define seed germination as the process that starts 
with imbibition and ends when the embryonic axis starts to elongate 
(Bewley and Black, 1994). Seed analysts define germination as emergence 
and development of the seedling to a point where its structures indicate 
whether the seedling will develop into a normal plant under favorable 
conditions (AOSA 2001). Standard germination is considered the universal 
test for seed viability. However, favorable conditions for germination seldom 
exist in the field. 
Farmers are interested in obtaining uniform seedling emergence and 
establishment of crops, therefore, laboratory tests to predict the emergence 
potential of the seed are necessary. Standard germination test usually 
under estimates the field performance of a seed lot. It is a less 
discriminating measure of seed quality than vigor (Dornbos, 1995). 
Therefore, seed vigor tests were developed to better predict field emergence. 
The concept of seed vigor is developed to identify the deteriorative factors 
that occur internally in a seed (Delouche and Baskin, 1973). Seed vigor is 
the ability of the seed to germinate or emerge rapidly and uniformly (Abdul-
Baki and Anderson, 1972). A vigorous seed lot or genotype continues to 
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display these characteristics as growing conditions deviate from ideal to 
stressful, maintaining rapid, uniform and complete emergence under the 
broad range of environmental conditions (AOSA, 2001; Delouche & Baskin, 
1973). 
Copeland and McDonald ( 1998) emphasized that vigor tests can have 
an important role in plant breeding, seed production, quality control and 
marketing programs. The primary reason for testing vigor was to 
differentiate seed quality among seed lots or genotypes with similar 
germination percentages. 
Previous investigators have shown that seed vigor influenced 
subsequent seedling growth potential. Seed vigor has influenced stand 
establishment and yield in cereals (Adegbuyi and Burris, 1989). In their 
study on seed vigor of maize, low seed vigor was attributed to genetics and 
/or environmental factors during production or seed storage. In general, 
low quality seed resulted in lower seedling dry weights, slower growth rate 
and non-uniform emergence of seedlings. (Chauhan et al., 1984; Das and 
Sen-Mandi, 1992; Bingham et al., 1994; Alsadon et al., 1995). Binghan et 
al. (1994) reported that low vigor, aged maize seeds reduced the rate of 
radicles extension on seedlings. Alsadon et al. ( 1995) showed that seedlings 
of tomato and cucumber seeds, produced from low vigor seeds were smaller 
and more variable in size than those produced from high vigor seeds. Das & 
Sen-Mandi (1992) studied the embryos of aged and unaged wheat seeds. 
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They reported that radicle differentiation was the first symptoms of 
deterioration in aged seeds. Chauhan et al., (1984) found that the growing 
points of soybean embryonic axes were the most prone to aging. These 
results indicated that the most sensitive part of the seed was the embryonic 
axis. Seed vigor showed its effect in four stages in the plant life-cycle, these 
were survival in storage, seedling emergence, plant establishment and yield 
(Heydecker, 1969). 
Effect of temperature on seed quality 
The environment the seeds are exposed to before and after 
physiological maturity affects seed quality. Maize seed germination and 
emergence are influenced by several environmental factors such as ambient 
temperature, and water and oxygen availability. Air and soil temperatures 
are considered the most limiting factors in seed germination and growth in 
the northern latitudes (Miedema et al., 1982). Several studies have 
evaluated the role of temperature in germination, growth and development 
as well as storability of the seed. Maize originated in the subtropical regions, 
and is grown extensively in North America. Thus maize is subjected to sub-
optimal temperatures during some stage of growth (Hodges et al., 1994). 
Cal & Obendorf ( 1972) demonstrated that sub-optimal temperatures 
of 5- l 5°C lower germination. They also showed that maize sensitivity to 
these chilling temperatures during germination varies among genotypes. 
Maize seed germination ability and vigor mostly respond to high night 
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temperatures compared with maximum daytime temperatures. Reding et al. 
(1990) evaluated the effect of environmental temperatures during growth 
and development on seed vigor of maize. They found that seeds produced at 
30/21°C, 30/ 14°C and 30/ l0°C, day and night time temperatures 
respectively, have similar seed quality, but seed produced at 30/ 14 and 
30 / 10°C have lower cold test germination. 
Similar results were obtained in rice. Ellis et al. (1993) evaluated seed 
quality of three rice genotypes produced under different environments. 
They found that seeds produced in hotter temperatures of 32 / 24 °C, day and 
night respectively, have lower seed quality. Seeds produced in cooler 
environment of 28/20°C have better seed quality. They attributed this to 
the acceleration in seed development, and the reduction in the period for the 
seed to attain maximum seed quality. Maximum seed quality in rice is 
attained at the end of the seed-filling phase. 
A stressful production environment can alter seed quality. Dornbos 
( 1995) reported that changes in seed quality of maize and soybean depend 
on severity of the stress, the reproductive stage during which the stress 
occurs and genetic composition of the cultivar. However, very little 
information has been published regarding production environment effects 
on maize seed quality. 
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Effects of low temperature on seed quality 
Maize is a native to regions with temperate warm climates and as 
such it is sensitive to low, non-freezing temperatures of 0 -15 °C. When 
exposed to cold temperatures it suffers abrupt reductions in the rates of 
physiological processes. Temperature extremes are one of the limiting 
factors of the production environments in the northern United States. 
Seedling cold tolerance of maize is the ability of the seed to germinate, 
emerge and grow under cold wet conditions (Hodges et al., 1997). Maize 
genotypes with high germination and growth potential under cold conditions 
have long been an important objective for maize breeders in the temperate 
regions (Eagles and Brooking, 1981). Inbred lines or hybrids with cold 
tolerance can be planted earlier, which can be advantageous to the 
producers, because hybrids can better utilize the longer growing season. 
Cold tolerance is especially desirable when cool, wet conditions limit early 
growth and development of maize seedlings. 
Several studies have revealed that low temperature limits growth of 
maize and other crops. Miedema ( 1982) evaluated the effect of low 
temperature on maize seedlings and reported that low temperature reduces 
shoot growth. Pahlavanian and Silk ( 1988) found that low temperature 
reduced root growth of maize. Thus root: shoot ratio can be used as an 
indicator of cold tolerance. Low temperature damage during germination 
has been attributed to membrane damage in lima beans (Pollock and Toole, 
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1966) and soybeans (Bramlage et al., 1978). Cal and Obendorf (1972) 
reported imbibition injury in maize seeds. They evaluated chilling injury in 
maize and its relationship to initial kernel moisture and maternal parent. 
They reported that when seeds at 6% moisture content are imbibed at 5 °C, 
radicles were aborted and seedling growth was delayed. However, they 
found that when initial moisture content was 13-16%, sensitivity to chilling 
injury was eliminated. They concluded that initial moisture content of the 
seed was important in the interpretation of the cold test results. They 
recommended that seeds be evaluated at low moisture content to separate 
tolerance due to the genetics of the seed from tolerance imposed by physical 
or physiological state of the seed. 
Low temperature stress in maize resulted in reduced emergence, 
increased germination time and reduced dry matter accumulation (Hodges 
et al., 1997). However, they found that some lines that were initially chilling 
sensitive or tolerant at germination altered their sensitivity at seedling 
growth stage. Therefore, they suggested that to accurately evaluate cold 
tolerance of maize, plants must be examined at both, the germination-
emergence and early growth stages. Burris et al. ( 1997) reported similar 
results in maize. They evaluated the effect of location of production and 
maternal parentage on seedling vigor in hybrids of maize, and found that 
freezing during the growth of maize plant caused reduction in germination, 
and seed quality as measured by seedling vigor. They recommended that 
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tolerance of maize hybrids to cold could be evaluated by examining 
genotypes at both the germination/ emergence and early growth stages. 
Other researchers have shown that maize seeds exposed to chilling 
temperatures during germination exhibit reduced germination, and increase 
in the time required for emerge and germination (Hodges et al., 1994). 
Koscielniak ( 1993) evaluated effect of cold night temperature (5 °C) 
on photosynthesis activity of maize seedlings and found that night 
temperatures reduced photosynthesis. He found that the reduction in 
photosynthesis was due to a reduction in chlorophyll accumulation. As a 
result dry matter accumulation was reduced. Reduction in photosynthesis 
resulted in reduced carbohydrate reserves. 
Reduction in carbohydrates reserves could have an impact on 
accumulation of reserves in the seed. Reserves in the kernels are derived 
from products of photosynthesis during grain filling. Seed size is directly 
influenced by the photosynthates produced and translocated to the seed; 
therefore, reduced photosynthates could result in smaller seeds (Bewley and 
Black, 1978). When grown under cool conditions ( 10-15 ° C) maize can 
suffer severe symptoms such as chlorosis, and even death (Hodges et al., 
1994). These symptoms do not occur in species adapted to temperate 
conditions such as wheat. 
Low temperature influences germination at different levels. Seed 
imbibition at low temperature injures cytoplasmic membranes (Koscieniak, 
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1993), and this may result in high electrical conductivity, reduced 
germination and seedling growth (Perdomo and Burris, 1998). 
Effects of high temperature on seed quality 
Environmental stress during seed filling does not always lead to 
visible defects in the seeds. Tashiro and Wardlaw ( 1990) reported that in 
wheat, seeds developed from plants that were exposed to high temperature 
and water stress at anthesis had poor quality. Bruckner and Frohberg 
(1987) reported that in wheat, high temperatures during seed development 
reduced seed weight. They reported that high temperatures stoped grain 
growth rate prematurely and forced physiological maturity of the seeds. The 
initial accelerated kernel growth rate shortened seed maturation. A short 
growth rate may result in less accumulation of seed storage reserves, and 
internal cracks, which affect membrane integrity of the seeds in maize as, 
reported by De Carvalho et al. (1999). They evaluated cracks on seeds of 
maize produced under high day temperatures of 33-42°C, and reported that 
maize kernels suffered internal cracks when the temperature in the field 
fluctuated during the final stages of kernel development. Burris et al. 
(1997) reported internal cracks in maize after exposing the seeds to high 
drying temperatures. 
Seeds exposed to high temperature and high moisture during 
maturation produced abnormal seedlings (Miedema et al., 1982 and 
Pahlavanian and Silk, 1988). Dornbos (1995) cited a personal 
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communication with B. A. Martin in his review the environment effect on 
seed quality stated that high night temperatures were associated with low 
maize germinability and vigor. Reding et al. (1990) evaluated metabolism 
and vigor changes in maize seed as affected by environmental temperatures 
during growth and development. They exposed seeds to 30 I 21 °C; 30 I 14 °C 
and 30/ 10 °C and reported that seeds had similar appearance and weight. 
However, cold test germination was low in seeds produced at 30/21 °C. In 
soybeans, high temperatures (32/28°C day and night temperature, 
respectively) during grain filling and maturation reduced germination by 34 
%. Seed vigor was also reduced when soybeans are exposed to high 
temperature during seed fill and maturation (Keigley and Mullen, 1986). 
Seed Composition 
Chemical composition of seed is determined by genetics, and 
influenced by agronomic practices and environmental factors. Plant 
breeders are able to manipulate the seed composition of many crops 
through crossing and selection. Seed composition and stability of 
performance of new lines were essential for release of maize lines with 
enhanced grain quality. 
The amount of water imbibed by the seeds varies according to 
chemical composition and seed size. Ching ( 1972) found that wheat 
endosperm, containing insoluble starch, had a slower imbibition rate 
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compared with the embryo of the same seed. Seeds high in protein and 
oils, in contrast, show a rapid rate of imbibition (Ching, 1972). 
Environmental conditions such as temperature, light intensity and 
photoperiod, and planting date affect seed composition in many species. 
Environmentally induced variation in seed composition is reported in barley, 
(De Man, 1985); wheat (Basset et al. 1989); soybean (Pfeiffer et al., 1995; 
Maestri et al., 1998); lupin (Bhardwaj et al., 1998) and peanuts (Dwivedi et 
al., 2000). De Man (1985) studied the effect of genotype and environment 
on fatty acid content and composition and concluded that environment had 
an impact on fatty acids content of barley. In general, lower temperatures 
are associated with higher neutral lipid content (triaglycerides) in several 
species of different plant families (Lambert, 1994). 
Seed protein and seed quality 
Plants deposit nitrogen reserves in the seeds as storage proteins. 
Approximately 80% of the seed proteins are stored in protein bodies, and in 
embryonic axes of maize. The remaining proteins are stored in the 
endosperm (Tsai, 1989). The most abundant storage protein in maize is 
zein (Bewley and Black, 1994). 
In dry seeds proteins are in crystalline form. Thus, proteins have to 
hydrolyze during imbibition for protein biosynthesis. Mobilization of the 
storage proteins starts about 20 hours after imbibition, and hydrolysis 
occurs between the third and eighth hour after imbibition (Bewley and 
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Black, 1978). Following germination, the proteins are mobilized to provide 
energy to the growing seedling, and to provide amino acids for the protein 
biosynthesis initiated within four hours of imbibition (Bewley and Black, 
1994). 
Protein and oil metabolism in seeds, like any other biological reaction, 
requires enzymes to catalyze the reactions. Enzymes are proteins, and 
proteins are denatured at very low and high temperature. For this reason, 
these processes are sensitive to temperature. When proteins are active, 
germination rate of healthy, vigorous seed is high. At very low and high 
temperatures, germination rate is reduced, as enzymes are rendered 
inactive (Bewley and Black, 1982). They demonstrated the importance of 
germination to configuration of proteins. They added heavy water to 
enzymes that control germination. Heavy water is known to prevent the 
denaturation of proteins. They reported that seeds can effectively germinate 
at low and high temperature, because the enzymes were maintained active. 
Several studies on correlation of protein (V asal, 1994) and oil 
(Lambert, 1994) composition of maize seed and agronomic traits are 
reported in the literature. Lambert ( 1994) reported that grain yield of maize 
was usually decreased when oil content was increased to more than 8%. 
The same correlations between seed composition and seed quality have not 
been established. High quality protein maize, containing high amounts of 
lysine and low levels of zein, had low germination in cooler regions where 
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temperatures were low at planting (Nass and Crane, 1970 and Loesch et al., 
1978). This low germination was attributed to lower content of zein. Zein 
mobilized faster than other proteins during germination; therefore, maize 
with low zein germinated slower (Jones and Tsai, 1977). 
Pfeiffer et al. ( 1995) reported yield and seed composition differences 
among soybean genotypes due to environment. Protein concentration 
differed significantly due to environment while oil did not, suggesting that 
monitoring protein concentration in the region of production would be very 
important in cultivar release evaluation. De Man ( 1985) reported that in 
barley kernels total fatty acids content were lowered by freezing 
temperatures before flowering and increased by variations in maximum 
temperatures during the growing season. Bhardwaj et al., 1998 evaluated 
genotypic and environmental effects on lupin seed composition. They found 
that protein content was largely influenced by genotype and was less 
affected by the environmental conditions. 
The average protein content in maize seed is 9 -11 %, and is. usually 
deficient in two essential amino acids, lysine and tryptophan. The protein 
content of maize is under both genetic and environmental control. Dudley 
( 1977) was able to produce maize lines with 27 % kernel protein, but found 
that protein concentration was negatively correlated with yield. However, 
Pfeiffer et al. ( 1995) reported that yield and seed composition in soybean 
differed significantly due to production environment. They also found that, 
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in the genotypes included in the study, protein concentration was affected 
by environment. They concluded that monitoring protein concentration by 
location was important for cultivar's release. 
Seed oil and seed quality 
Storage reserves in the seed are important in providing energy for the 
growing seedling. Seeds deposit oil in the oil bodies and for seeds with high 
oil deposits, the oil bodies pack the cell, filling almost all the space left 
unoccupied by other organelles (Bewley and Black, 1978). In cereals, oil 
bodies surround the aleurone cells and they are also found in narrow layers 
along the plasmalemma. Perdomo and Burris ( 1998) found that oil bodies 
migrate from the cytosol to the plasmalemma at maturation and 
desiccation. The oil bodies aligned along the plasmalemma, providing 
support to the membrane and preventing its collapse. As a result, cellular 
leakage was reduced during imbibition. 
In maize kernels oil is synthesized primarily in the embryo; therefore, 
selection of maize for high oil content results in the selection of kernels with 
a big embryo relative to the endosperm (Lambert, 1998). An increase in oil 
content from 6.2 % to 12%, increased embryo size from 14 % to 21.5 % the 
kernel weight (Alexander, 1989). High oil content in maize resulted from the 
kernel converting a number of non-oil producing cells to oil producing ones. 
Each plant had a limited photosynthetic capacity, and if more carbon is 
needed for oil formation, the plant reallocated metabolic reserves by 
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proportionally decreasing grain yield and decreasing the endosperm size 
(Kinney and Hittz, 2000). 
A few studies have evaluated fatty acids composition of maize oil. 
(Dunlap et al., 1995a; Dunlap et al., 1995b, and Leibovitz and Ruckenstein, 
1983). Dunlap et al. ( 1995a) evaluated the fatty acids composition of oil 
from adapted elite maize breeding material and reported that Iowa maize 
had less saturated fatty acids than maize from New Mexico. When the same 
breeding material was grown in France, seeds had 1.3 % less saturated fatty 
acids than the material grown in Iowa. Later, Dunlap et al. ( 1995b), 
evaluated fatty acid composition of oil from exotic maize breeding materials. 
They reported that oil from maize of foreign origin was slightly more 
saturated than that of U.S. origin. They evaluated material from Chile, 
Argentina and Uruguay, and found that material from Chile and Argentina 
were not significantly different, but materials from Uruguay were different 
from all the others. Leibovitz and Ruckenstein ( 1983) reported that maize 
oil from warmer regions had a higher proportion of saturated fatty acids 
than oil from cooler areas. 
In a study where seed composition was evaluated in soybean grown 
under different environmental regions, Maestri et al. (1998) reported that 
seed oil content of genotypes varied among locations. Rennie and Tanner 
(1989) reported similar results when they evaluated seed composition of 
soybean grown in extreme temperatures. They found that seed oil content 
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was higher in soybeans grown in warmer areas, whereas those grown in 
cooler temperatures had different oil composition, with higher levels of 
linolenic and linoleic acids. 
Effects of plant nutrition on seed quality 
Inbred maize generally has a poorer root system than hybrid maize; 
therefore, soil fertility deficiencies have a greater impact on inbred plant 
development (McDonald and Copeland, 1997). Seeds developing under 
nutrient deficiency may have poor quality. High nitrogen levels in the soil 
are reported to promote germination of various species, and calcium 
promotes germination in peanuts (Fenner, 1991). The effect of nutrient 
deficiencies or availability on seed quality in maize has not been 
established. 
Physical seed characteristics 
Seed size 
Seed size is controlled by genetics and affected by the environment 
and the physiology of the plant. Environmental stress such as drought, 
high temperatures and low soil fertility can reduce seed size. However, the 
evaluation of the effect of seed size on germinability of the seeds and on 
plant growth has given contradictory results (Verma and Gupta, 1975; 
TeKrony et al., 1987; Baalbaki, 1989). 
TeKrony et al. ( 1987) reported that soybean seed lots with smaller 
seeds and low vigor had lower yield. Baalbaki ( 1989) reported similar 
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results in a study on the effect of seed size, density and protein content on 
field performance and storability of wheat. He reported that heavy, large 
seeds with high protein content stored better than light, small seeds with 
low protein. These heavier seeds also had high germination after 
accelerated aging. 
In maize, the relationship between seed size and seed quality is 
unclear. Hunter and Kannenberg ( 1972) found that rate of emergence and 
total emerged seedlings of maize did not depend on seed size. However, 
Shieh and McDonald (1982), contradicted these findings. They evaluated 
the influence of seed size, shape and treatment on maize inbred seed quality 
and found that, in the first count of germination and vigor (as measured by 
accelerated aging and seedling growth rate), small seeds germinated more 
rapidly and showed higher vigor. They attributed this to the faster 
imbibition rate in smaller seeds. 
Peri carp 
The pericarp regulates seed permeability to water and gases, as well 
as provides protection from damage during seed processing and from pests. 
Maize caryopsis hardness is an intrinsic characteristic that can be altered 
by genetics and environment. Bewley and Black (1994) reported that 
hardness of the pericarp also depended on the rate and degree of seed 
drying. They attributed these differences to the oxidation of phenolic 
substances during drying. The resulting dark colored compounds may 
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affect the permeability of the pericarp. Seeds with a thin or soft pericarp are 
susceptible to breakages and cracks, and are likely to deteriorate faster due 
to rapid moisture uptake, resulting in poor plant establishment due to 
invasion by soil microorganisms. Interestingly, the amount of zein in the 
endosperm of corn seeds has also been reported to influence seed hardness 
(Wallace et al., 1990). Escasinas and Hill (1988) studied the relationship 
between physical attributes of seed vigor. They found that mechanical 
damage increased the rate of seed deterioration. Mechanical damage also 
compromised the integrity of the seed coat, which consequently resulted in 
high solutes leachate from the seeds (Simons, 1979), and rapid water 
uptake (Taylor and Dickson, 1987). Rapid water uptake could result in 
injury to the membrane systems (Cal and Obendorf, 1972). 
Effect of genetic background 
Several studies by maize breeders have introduced and evaluated 
exotic germplasm for agronomic suitability in incorporating them into the 
breeding programs of the US Corn Belt (Brun and Dudley, 1989; Beck et al., 
1991; Pollak et al., 1991; Pollak, 1993 and Salhuana et al., 1998). Beck et 
al. (1991) evaluated the potential use of subtropical and temperate maize 
exotic breeding material in breeding programs in temperate areas. They 
reported that maize breeding materials containing relatively high levels of 
temperate germplasm performed best in the US environments. In a similar 
study the breeding potential of maize germplasm from Argentina, Chile, 
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Uruguay and the US grown in all of the four countries were evaluated 
(Salhuana et al., 1998). They reported that germplasm from Argentina and 
Uruguay had the best adaptation in all the countries, and germplasm from 
the US has the worst performance. These findings are in agreement with 
those of Beck et al. 1991. 
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CHAPTER 3: SEED QUALITY OF MAIZE INBRED LINES WITH 
DIFFERENT OIL AND PROTEIN CONTENT AND GENETIC 
BACKGROUND. 
A paper to be submitted to Crop Science 
Miriam Rukero Munamava, A. Susana. Goggi and Linda Pollak 
Abstract 
The introgression of exotic germplasm into elite materials in the 
United States has successfully improved seed oil and protein content of 
maize. However, seed quality of these improved lines has not been 
evaluated. The objectives of the study were to i) characterize the inbred lines 
for seed quality, ii) assess the effect of oil and protein content on seed 
quality and iii) determine effect of genetic background and production 
location has an influence on seed quality. The inbred lines used in the 
study were developed by crossing elite lines of stiff stock and non-stiff stalk 
heterotic background with St. Croix and Argentina germplasm. They were 
grown in four locations of the US Corn Belt. Seed quality was measured by 
standard germination test and a series of vigor tests (AA, EC and cold test) 
and the soak test. Means for the measured parameters were calculated and 
compared within and among locations. An inbred quality index (IQI) was 
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calculated using multiple variables. Genotypes x location interactions were 
significant. Genotypic differences were observed for all the traits measured 
within each location. Seed composition and genetic background did not 
affect germination; however location of production did. Standard 
germination ranged from 48%-93% (IA), 52%-89% (MO), 53%-91% (IL) and 
52%-89% (NE). Seed composition and genetic background affected seed 
vigor as measured by AA, EC and cold test. High protein inbred lines had a 
cold test of 64 %, averaged across location, while low protein lines averaged 
49%. Inbred lines with St. Croix background and lines produced in colder 
locations (IA and NE) had high cold test percentage. Inbred lines with low 
oil content containing St Croix background had the lowest AA vigor test 
(49%), while high oil inbred lines of Argentina background had the highest 
vigor for AA (65%). Low protein inbred line had low AA (49%) while high 
protein inbred lines averaged 62%. In conclusion, seed quality differences 
were evident among the inbred lines. Location where seeds were produced 
had an effect on seed quality. Highest overall quality seeds were produced 
from IL. Seeds produced in IA had the highest overall cold test value. Low 
protein inbred lines had low vigor compared with high protein inbred lines. 
When protein content was high, seed quality was high regardless of the oil 
content. Inbred lines containing germplasm from Argentina had the highest 




Maize (Zea mays L.) is one of the world's most important cereals. It is 
the staple food for most Asian and African countries and is also an 
important source of calories and dietary protein to humans and animals. 
The world demand for maize has increased as world population has 
increased. Therefore, highly productive new genotypes are required that 
boost yield per unit area and nutritional value. 
The need to improve the nutritional value of maize has long been 
recognized (Vasal, 1994), especially for food in the developing countries and 
feed in the developed countries. The demand for more nutritious and 
abundant food and feed leads breeders to search for characteristics in a 
wide range of exotic germplasm. Maize breeders have evaluated introduced 
exotic germplasm for desirable agronomic traits (Brun and Dudley, 1989; 
Beck et al., 1991; Pollak et al., 1991; Pollak, 1993 and Salhuana et al., 
1998). Beck et al. ( 1991) evaluated subtropical and temperate maize exotic 
materials in breeding programs in temperate areas. They reported that 
maize lines containing a relatively high percentage of temperate germplasm 
performed best in the US environments. However, seed quality is usually 
not one of the selection criteria. 
Seed scientists are concerned that breeders do not evaluate seed 
quality characteristics in their breeding programs (Burris, 2000). It is 
essential that the improvement of the nutritional value of maize is not done 
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at the expense of seed quality. Seed quality is one of the most important 
factors affecting early performance and productivity of most agricultural 
crops. 
Several studies have evaluated maize seed cultivars for cold tolerance 
(Burris, 1977; Venter and Grobbelaar, 1985; Hope and Maamari, 1994; and 
Hodges et al., 1997) and storability (Scott, 1981; Tang et al., 1999). Venter 
and Grobbelaar ( 1985) evaluated the effect of low temperature on maize 
seed lots. They reported that the response of seeds to low temperatures was 
influenced by genotypes as well as the environmental factors during 
development and processing. Burris (1977) reported that location of 
production had an effect on germination, shoot, and root dry weight. Seeds 
that were exposed to freezing during development had the lowest 
germination and vigor. Hope and Maamari (1994) evaluated cold tolerance 
of maize genotypes during germination and found that genotypes differed in 
their tolerance to cold. Seeds were produced under a wide range of 
environments; therefore, it is important to know how the new varieties adapt 
to various areas of production. 
Earlier studies have shown that cold tolerance in maize was heritable 
(Pinnell, 1949 and Mock and Eberhart, 1972). However, in a more recent 
study where maize hybrids were evaluated for chilling sensitivity and their 
combining ability, the authors concluded that it was impossible to reliably 
predict hybrid maize cold tolerance from knowledge of the parental 
36 
responses. Some lines that were chilling sensitive or tolerant at the 
germination stage altered their sensitivity to chilling at the early growth 
stage (Hodges et al., 1997). Genotypes adapted to cold are required, 
especially in the US Corn Belt where seeds are exposed to high moisture 
and cold conditions in the spring. Evaluating new varieties for tolerance to 
saturated conditions is meant to screen the varieties for these conditions. 
Cold tolerant genotypes also must withstand saturated soils. A soak 
test was developed to measure the ability of the seed to germinate after a 
48- hour soak in water (Martin et al., 1988). When seeds are soaked in 
water, anaerobic conditions occur; ethanol is produced as a by-product of 
anaerobic oxidation. The amount of ethanol excreted during the time 
between imbibitions and protrusion of the radicle was negatively correlated 
to the subsequent germination in many crops (Martin et al., 1988). Cerwick 
et al. ( 1995) studied the biochemical basis for tolerance and sensitivity of 
maize inbred lines to flooding. Their findings confirmed what was found 
earlier, that ethanol was produced under anaerobic conditions. They 
reported that flood-tolerant inbred lines had a higher respiration rate than 
flood-sensitive ones. 
Several studies have shown that vigor tests were able to separate seed 
lots and genotypes for their establishment ability in adverse environments. 
Santipracha et al. ( 1997) evaluated the seed quality of hybrid maize using 
standard germination, conductivity, and seedling dry weight before and after 
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accelerated aging. They found that conductivity increased after the seeds 
were subjected to accelerated aging. Basavarajappa et al. ( 1991) examined 
various biochemical changes associated with aging of maize seeds. They 
artificially aged two cultivars of maize and found that loss of membrane 
integrity was the first deteriorative change. They associated membrane 
degradation to free radicals produced as a result of lipid peroxidation during 
aging, which reacted with membrane lipids, ultimately destroying the 
structure of the cellular membranes. This membrane breakdown can be 
measured by cell leachates. Scott ( 1981) was able to detect genetic 
variation in the ability of seed lots to withstand the stress of accelerated 
aging. Since seeds are produced and stored for months before the next 
planting, it is essential to know the storability potential of the seeds. 
For successful hybrid production in the next century, a total quality 
management approach is necessary; therefore, in addition to agronomic 
characteristics, seed quality should be considered throughout the cultivar's 
development process. The objectives of this study were to characterize ten 
maize inbred lines for physiological seed quality, to assess the effects of oil 
and protein content on seed quality, and to determine effect of genetic 
background and location of seed production on seed quality. 
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Materials and methods 
Seed production 
These were eight inbred lines containing exotic germplasm from 
Argentina and St. Croix and two local checks, B73 and Mo 17. The inbred 
lines used in this study are listed in Table 1. These genotypes were chosen 
for their protein and oil content. Lines were evaluated using a series of seed 
quality tests. 
Seeds were planted and self-pollinated in five locations during the 
2001-growing season, using a randomized complete block design. These 
locations were Agronomy and Agricultural Engineering farm, Iowa State 
University, near Ames, and farms located in Columbus, MO, Clinton, IL, 
Starkville, MS and Hooper, NE. However, lines were not adapted therefore 
did not produce enough seeds at the Mississippi location. Consequently, 
this location was excluded from the study. Meteorological information for 
all locations is provided in Table 2. 
The seeds were harvested at approximately 30% moisture content, the 
husks were removed, and ears were dried with forced air. At 13% moisture 
content, ears were shelled using a laboratory size Sheller; model LS91 
(Custom Seed Equipment, Altoona, IA). The seeds were stored in a cold 
room at 10°C, and 50% RH until laboratory analyses were performed. 
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Seed quality determination 
Standard Germination For the standard germination test 75 seeds 
(twenty five seeds per replication) were placed on moistened crepe cellular 
paper and incubated at 20 / 30 °C, with 12 hours of darkness and eight 
hours of light, respectively for 7 days. The seedlings were classified as 
normal, abnormal, or dead (AOSA, 2001). 
Electrical Conductivity (EC) Electrical conductivity was measured 
using the Individual Seed Analyzer, Genesis-2000 (Wavefront, Inc. Ann 
Arbor, MI), on three replications of 25 seeds. Each seed was soaked in 3.75 
ml deionized water, and left at room temperature of 23C for 24h. EC was 
measured after 6 hand 24h of soaking time. Conductivity was recorded in 
microsiemens (µs). 
Soak test Three replications of 25 seeds were soaked in 25 ml of water 
for 24 hours. Seeds were removed from the water and planted in a standard 
germination test (AOSA, 2001). 
Saturated Cold Test A plastic grid rack of 60 x 40 cm was placed in a 
61x41 x 5 cm tray. A single germination paper towel of 60 x 30 cm was 
wrapped over the plastic grid rack, and two of the same papers were placed 
on top of the rack. One thousand milliliters of water were poured on the 
paper towels and allowed to flow into the reservoir created by the tray under 
the rack. Sandy loam soil sifted through a 70 mm sieve, was sprinkled over 
the paper towels to form a thin layer. Seeds were planted on the soil with 
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their embryos in contact with the soil. Tests were kept in a dark cold room 
at 10°C for seven days, and then moved to 25°C for three days with 
continuous light. The seedlings were evaluated according following the 
AOSA rules (2001). 
Accelerated Aging Three replications of 25 seeds were placed in ( 10 x 
10 x 4 cm) boxes and 40 ml of tap water was added. The boxes were 
covered and placed in a chamber at 42°C for 96 h. Seeds were weighed 
before being placed in a chamber, and weighed again when they were 
removed to calculate seed moisture increase after aging. Seeds were planted 
in crepe cellulose paper and covered with sand. The seedlings were 
evaluated after seven days according the AOSA (2001). 
Protein and oil content Protein and oil were analyzed with an 
Infratech 1225, grain analyzer, Hoganas, Sweden in the Grain Quality 
Laboratory at Iowa State University. 
Fast Green test Three replications of 25 seeds were submerged in 
fast green solution for 15-30 seconds. The seeds were rinsed under running 
tap water and air dried before evaluations. The staining patterns on the 
seed were used to classify the damage as light or no damage, medium or 
severe damage. The number of seeds with no damage was presented as a 
percentage. 
Inbred Quality Index (IQI) The inbred quality index for each line was 
calculated according to T. Gutormsen (personal communication 2001), as: 
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IQI = ·SC +AA+ FGN + Soak+ { 200 - (EC6h + EC24h)} 
60 
SC: Saturated cold test in percentage 
AA: Accelerated aging test in percentage 
FGN: Percentage of seeds classified as light or no damage in the fast green 
test 
Soak: Soak test in percentage 
EC6h: Electrical conductivity at 6 hours inµ siemens/cm/g of seed 
EC24h: Electrical conductivity at 24 hours inµ siemens/cm/g of seed 
Statistical Analysis laboratory tests were conducted in a completely 
random design. Data were analyzed as a two-way factorial with locations 
and genotype as factors. Experiments were repeated three times. The 
analysis of variance was determined by general linear model procedures in 
Statistical Analysis System. LSD at 0.05 level of probability tested 
significant differences of inbred lines and locations. Contrasts were used to 
differentiate between different seed composition and genetic background 
groups of inbred lines. Due to significant genotype x location interactions, 




Location in which the seeds were produced had a significant 
interaction with the inbred lines {F-Value = 5.33; df = 27; Pr> F = < 0.0001) 
{Table 3). However, inbred line 1 germinated consistently in the good to 
medium range in all locations. The germination percentage of inbred line 4 
was high for the seeds produced in Iowa {IA) and Nebraska {NE) {Fig 1). 
Seeds from inbred 10 {Mol 7) produced in Missouri {MO) and Illinois {IL) had 
the highest germination, while seeds from B73 produced in all locations 
germinated similarly in the above 80% range. 
Germination in IA ranged from 48% to 93 %. Mo 1 7 had the lowest 
germination percentage and inbred 4 had the highest germination 
percentage. In MO seed germination ranged from 52% to 89 %. Mol 7 had 
the highest germination percentage and inbred line 3 and 4 the lowest at 48 
%. In IL, germination ranged from 53% to 91 %. Inbred line 6 had the 
lowest germination percentage and inbred line 1 had the highest 
germination percentage of 91 %. In NE, germination ranged from 52% to 
89%. Inbred line 5 had the lowest germination percentage and B73 had the 
highest {Table 4). 
Contrasts were done to test for differences between different seed 
compositions and genetic backgrounds. These contrasts showed significant 
differences for standard germination test results (Table 5). 
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Percent germination across locations of the inbred lines ranged from 
70.5% to 84.5%. Inbred line 1 and B73 have the highest average 
germination across all locations of 84% and 82% respectively. Mol 7 has an 
average percent germination of 72% across all locations (Table 6). 
Saturated Cold Test 
Significant locations x inbred line interactions were observed for 
saturated cold test (F-Value = 2.39; df = 3; Pr> F = 0.0026) (Table 3). 
Seeds of inbred line 4 produced in IA and NE had high germination for 
saturated cold test than those produced in MO and IL. Inbred lines 6 and 8 
follow a similar trend. Inbred line 5 is among the lowest in all locations (Fig 
2). 
Significant differences among genotypes within locations were 
observed for cold test. Cold test germination in IA ranged from 52% to 88%. 
Seeds from inbred line 2 had the lowest cold germination percentage value 
and inbred 8 had the highest value. Cold test value for seeds produced in 
MO ranged from 37% to 73%. Inbred line 2 had the highest cold test 
germination percentage value while inbred line 1 had the lowest. Saturated 
cold test value in IL ranged from 39% to 84% with inbred 6 having the 
lowest germination and inbred 2 having the highest. In NE, saturated cold 
test value ranged from 36% to 80%. Inbred 2 were among those lines with 
the highest germination value and inbred line 5 was the lowest. Inbred line 
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8 has the highest cold test values in IA and NE, and inbred line 2 has the 
highest cold test value in all locations except for seeds produced in IA 
(Table 7). 
Saturated cold test contrasts between different groups of inbred lines 
differing in seed composition and genetic background showed significant 
differences (F-value = 5.22; df = 1; Pr>r = 0.0304) between high oil inbred 
lines that have Argentina germplasm and low oil that have St. Croix 
germplasm (Table 5). Low oil inbred lines with St. Croix background had 
germination of 60 %, while high oil with Argentina background had an 
average of 65%. Low protein versus high protein comparisons also showed 
significant differences (F-value = 4.17; df = 1; Pr> r = 0.05) (Table 5). High 
protein inbred lines had an average germination of 64 %, while low protein 
lines had an average of 49%. In summary, inbred lines with Argentina 
background and inbred lines with high protein content had high vigor as 
determined by cold test. Seeds produced in cooler locations (IA and NE) 
also had a higher average cold test. 
Average cold test for inbred lines when averaged over locations ranged 
from 49% to 72%. Inbred lines 2 and 8 had an average germination of 72% 
and 70% respectively across all environments. B73 and Mo 1 7 had an 
average germination of 60% and 53% respectively (Table 6). 
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Accelerated aging (AA) 
Highly significant interactions were observed for AA (P-Value = 2.38; 
df = 27; Pr> F = 0.002) (Table 3). The inbred lines tested did not follow any 
particular pattern. However, seeds of Mol 7 produced in MO and IL had 
higher AA germination than seeds produced in IA and NE. Inbred line 5 had 
the lowest AA percentage in all locations, except for seeds produced in IL 
(Fig 3). 
Significant differences among genotypes within locations were 
observed. AA values in IA ranged from 37% to 65%. Inbred line 1 had the 
lowest AA value and inbred 4 had the highest. In MO, AA values ranged 
from 47% (Inbred 7) to 75% (inbred 2). In IL, AA values ranged from 53% 
(B73) to 93% (inbred 3). In NE, AA values ranged from 35% (inbred 5) to 
88% (inbred 4). Seeds of Mol 7 produced in IA and NE had the lowest AA 
values while those produced in MO and IL had the highest values of 81 % 
and 89% respectively (Table 8). 
AA contrasts comparisons between groups of inbred lines showed 
significant differences (Table 5). Seed composition and genetic background 
had an effect on seed quality. Comparisons between initial high oil inbred 
lines from Argentina and low oil from St. Croix showed significant 
differences. Inbred lines grouped into high and low protein also were 
significantly different. Inbred lines with initial low oil content containing St 
Croix background have the lowest vigor for AA (55%), while inbred lines with 
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high oil content of Argentina background has higher vigor (65%). Low 
protein inbred lines have low AA of (49%) while high protein inbred lines 
have an average of 62%. 
Percent germination averaged over locations after the seeds were 
exposed to accelerated aging ranged from 49% to 72%. Mo 1 7 had the 
highest average AA germination of 72% and B73 was among the lowest at 
58%. Inbred line 5 continued to exhibit low vigor under AA with a 
germination of 49% (Table 6). 
Soak test 
Significant locations x inbred interactions were observed (P-Value = 
3.03; df = 27; Pr >F = 0.0002) (Table 3). Inbred line 5 had the lowest 
germination in all the locations. Seeds produced in IL had the highest 
germination for this inbred line. Inbred 2 had a high (72-89 %) germination 
in all locations. Interestingly, inbred lines Mol 7 and B73 behaved opposite 
to each other. Mol 7 had the highest germination in MO and IL, while B73 
had the highest germination in IA and NE (fig 4). 
In all locations inbred line 5 had the lowest soak test germination. 
B73 seeds produced in IA and NE had the highest germination, while Mo 1 7 
seeds had the highest germination when produced in MO and IL (Table 9). 
Contrast comparisons between inbred lines groups of high oil and low 
oil showed significant differences (F-value = 7.97; df = 1; Pr> r = 0.0088) 
(Table 5). Low oil seed content inbred lines had high germination after soak 
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test (76%), while high-oil had low germination (57%). Differences between 
low oil inbred lines from St Croix and high oil Argentina were observed (P -
value= 22.15; df = 1; Pr> r = < 0.0001) (Table 5). High oil inbred lines from 
Argentina had germinated 66%, while low oil from St Croix, had germination 
of only 38%. 
Comparisons between high and low protein had highly significant 
differences (F - value= 14.04; df = 1; Pr> r = 0.0009). Low protein inbred 
lines had the lowest germination of 38%, while high protein inbred lines 
germinated 75%. Comparisons were made between B73 and the group of 
inbred lines from Argentina, and between Mo 1 7 and the group of inbred 
lines with St Croix background (Table 5). The two checks, B73 and Mol 7 
showed superior germination to high oil inbred lines from Argentina and St 
Croix, respectively. The contrast between B73 and initial high oil inbred 
lines from Argentina was significantly different (F - value= 5.65; df = 1; Pr> 
f = 0.0248), with 83% and 66% respectively. Comparisons between Mol 7 
and low oil inbred lines from Saint Croix also showed highly significant 
differences (F-value = 25.23; df = 1; Pr> r = <0.0001) (Table 5). Mol 7 had a 
germination of 79% while low oil lines from St. Croix germinated 66%. 
Values for soak test averaged over locations ranged from 38% to 83%. 
B73 had the highest percent germination, and inbred line 5 had the lowest. 
Inbred 5 had the lowest germination after exposure to anaerobic conditions. 
Mol 7 had a germination of 79 % (Table 6). 
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Electrical Conductivity 
Inbred lines and location of production had a highly significant 
interaction for electrical conductivity (EC) (Table 3). Seeds produced in IA 
and MO had the lowest vigor as determined by high EC, and seeds in IL had 
the highest vigor (Fig 5). EC for seeds produced in IA ranged from 3.6 µs 
(inbred 4) to 7.0 µs (Inbred 2). Seeds of inbred 2 produced in MO had the 
lowest EC of 3.5 µs, while inbred 1 had the highest EC of 7 .3 µs. Inbred 1 
produced in IL had the highest EC of 4.1 µs while inbred 5 had the lowest 
EC of 2.1 µs. However the highest EC was recorded for inbred 5 seeds 
produced in NE (9.5 µs), however, B73 had a low EC of 2.4 µsat the same 
location. This inbred line produced in other locations had low conductivity 
(Table 10). 
Seed composition did not affect cell leachate in most of the groups of 
lines that were compared (Table 5). However, comparisons between Mol 7 
and high oil inbred lines with St. Croix background were significantly 
different. Inbred lines with St. Croix background had higher EC than the 
elite check, Mol 7. Similarly, comparisons between B73 and high protein 
inbred lines with Argentinean germplasm showed that B73 has significantly 
lower cell leachate. Membrane integrity of the cells was measured by cell 
leachate after 24 hours of soak in deionized water. 
Electrical conductivity (EC) of all inbred lines averaged across 
locations ranged from 6.0 to 2.7 µs per seed. Inbred Mol 7 and B73 had 
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conductivity of 3.3 and 2.6 µs per seed, respectively. Inbred 1 had the 
highest electrical conductivity of 6.0 µs per seed (Table 11). 
Protein and oil content 
Protein content for all inbred lines was reduced from the original 
content when seeds were planted, by 1.5 to 22%, except for inbred line 5, 
which had a slight increase in protein content of 10%. Inbred line 5 had a 
slight increase in protein content from 9.0 to 9.9 % and inbred 6 had an 
increase of 12.6 to 14.9 % (Fig. 6). Oil content in the seeds for all inbred 
lines was reduced by up to 45%. Inbred lines, 6 and 7, which initially were 
classified as high oil, the content was reduced to low level 
(Fig 7). Protein content of inbred lines averaged across locations ranged 
from 9.9% (inbred line 5) to 14.9% (inbred 6) (Table 11). 
Seed weight 
Seed weight was significantly different among genotypes (F- value 
=13.09; df = 9, 2 Pr> F= < 0.0001) (Table 3). Inbred lines had different 
seed weight in different locations. Seeds produced in IA had the lowest 
average weight and seeds produced in IL were the highest average weight. 
(Table 12). However, seeds for inbred 1 and 2 are in the upper range in all 
locations except for seeds produced in IA. (Table 12). 
Contrasts were made between different groups of seed composition 
and genetic background for seed weight (Table 5). Significant differences 
were observed between the two checks (Mol 7 and B73). Mol 7 had the 
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heaviest seeds with an average weight of 15.1grams/100 seeds, while B73 
has an average weight of 11.7grams/100 seeds. Genetic background and 
seed composition displayed significant influence on seed weight (Table 5). 
High protein and high oil inbred lines from St. Croix had heavier seeds (14.8 
grams/ 100 and 14. 9 grams/ 100 seeds respectively) while those from 
Argentina had 10.5grams/100 seeds and 11.2grams/100 seeds 
respectively. 
Inbred Quality Index (IQI) 
Inbred lines have different quality levels in different locations (Table 
13). Some inbred lines were more adapted to cooler environments and 
others to warmer environments. Inbred line 4 had a higher IQI when 
produced in Iowa and Nebraska, and Mo 17 had highest IQI when produced 
in Missouri and Illinois. Mol 7 had IQI of 6.0 and 6.6 when grown in Iowa 
and Nebraska respectively 
There were differences in IQI among the inbred lines, which is the 
overall indicator of seed quality of an inbred line since it includes multiple 
factors (F-value = 15.2; df = 9; Pr> F = <0.0001). The IQI scale ranges from 
1 (the worst quality) to 10 (the best quality). The inbred lines used in this 
experiment were between 5.0 and 7.7. However, the checks Mol 7 and B73 
had the highest IQI of above 7. Inbred 5 have the lowest IQI of 5.0 (Table 
14). Overall, seeds from the ten lines produced at Illinois had the highest 
quality, and those produced at Missouri had the lowest quality (Table 13). 
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Discussion 
Genotypic differences within locations were expected, due to 
differences in adaptation of the inbred lines. However, seed composition did 
not have any effect on seed germination. These results were in accordance 
with previous findings that under ideal conditions, each genotype performs 
to its best potential (AOSA, 2001). Seeds from the same genotypes 
produced in different locations germinated differently. This could be 
attributed to differences in the growing conditions in a particular location. 
Factors like temperature, moisture, pathogens and soil nutrients affect seed 
quality. These findings support earlier reports that cultivars responded 
differently to environment of production. Burris ( 1977) reported that 
differences in growing season, such as soil fertility, temperature and 
moisture affect seed quality. This reduction in quality was attributed to an 
interaction between seed maturity and environment. Genotypes that are 
not adapted to the growing environment would reach critical physiological 
stages during unfavorable conditions. 
Seed produced in Illinois had the highest average overall germination 
percentage (fig. 8). This could be attributed to abundant precipitation in 
August, which coincided with seed maturation, and later, in the month of 
September, conditions were drier and cooler. Missouri had the lowest 
germination, and the highest GOD (Table 2). Weather conditions were too 
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hot during the month when seeds were maturing. Using Burris' (1977) 
argument, maybe temperatures were too high for the maturing seeds. 
Fenner ( 1991), also reported that timing of any unfavorable temperature 
regime during the parent's life cycle affects seed germinability of the 
progeny. As reported by De Carvalho et al. (1999), high temperature during 
seed maturation accelerates development at the expense of seed quality. 
Miedema, ( 1982) and Pahlavanian and Silk ( 1988) reported similar findings. 
Maize seeds exposed to high temperature and high moisture during 
maturation produce high percentage of abnormal seedlings, consequently 
reducing germination percentage. 
Seed vigor measured by cold test, accelerated aging and electrical 
conductivity showed genotypic differences within and among locations. 
Seeds produced in Iowa had the highest cold test with an average of 69%, 
followed by seeds produced in Nebraska with of 62%. These locations had 
similar weather conditions especially at the time of pollination (table 2). 
These findings are in disagreement with those reported by Nicholls ( 1980) in 
wheat and barley. He found that exposure to low temperature during seed 
drying can delay the onset of Gibberellin induced processes, which results 
in the production of oc-amylase. This accounted for poor germination in 
seeds matured at lower temperature. 
Our data revealed that maize seeds produced in cooler areas like IA 
and NE (Table 2) had a higher cold test. This could be attributed to cold 
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acclimation. When plants are exposed to low non-freezing temperatures for 
a few hours a day, they adapt by expressing cold tolerance genes (Palva and 
Heino 1998). They reported that cold acclimation is associated with 
membrane alteration, changes in protein composition, increase in sugar 
levels, and alteration in gene expression. Uemura and Yoshida (1984) found 
that in winter rye, when seedlings are exposed to low temperatures, certain 
new proteins are formed in the plasma membrane replacing the normal 
proteins, which decline. Therefore seeds produced in cooler areas could be 
acclimated to cold and exhibit higher germination percentage under cold 
conditions. Inbred lines 4, 6 and 8 showed some tolerance to cold under all 
environments, and these could be potentially useful in breeding for cold 
tolerance. 
The results demonstrated that high protein inbred lines had higher 
vigor than low protein inbred lines. This was reported earlier in other crops 
(wheat, oats and lettuce seeds). Schweize and Ries (1969) reported that oats 
seeds high in protein content tend to show higher vigor. Also wheat with 
high protein content germinated faster and developed into larger seedlings 
(Lopez and Grabe, 1973). 
Accelerated aging (AA) has been used to predict seed storability 
(Delouche and Baskin, 1973). Inbred lines with Saint Croix background 
had lower AA percentage than inbred lines with Argentina background. 
These results were unexpected because St. Croix is located in a tropical 
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climate. It was assumed that inbred lines containing tropical germplasm 
would be better adapted to hot humid conditions. In the accelerated aging 
test, membrane degradation occurs as a consequence of the oxidation of 
unsaturated fatty acids (Navari-Izzo and Rascio, 1999). Basavarajappa et al. 
( 1991), associated lipid peroxidation in aged maize seeds with membrane 
damage. The differences observed between the groups of inbred lines for 
accelerated aging could be explained better by fatty acid composition of the 
membranes. (Dunlap et al., 1995a; Dunlap et al., 1995b, and Leibovitz and 
Ruckenstein, 1983). Dunlap et al. ( 1995a) reported that Iowa maize had 
less saturated fatty acids than maize from warmer climate, such as New 
Mexico. When the same breeding material was grown in France, it had 1.3 
% less saturated fatty acids than the material grown in Iowa. In a later 
study Dunlap et al. ( 1995b) evaluated fatty acid composition of oil from 
exotic maize breeding materials. They reported that oils from exotic maize 
were slightly more saturated than those of U.S. origin. They found that 
materials from Chile and Argentina were not significantly different, maize 
from Uruguay were different from all the others. Leibovitz and Ruckenstein 
( 1983) reported that maize oil from warmer regions had a higher proportion 
of saturated fatty acids than those from cooler areas. From the previous 
studies, we could speculate that inbred lines with St. Croix background 
have a higher level of saturated fatty acids. Saturated fatty acids are more 
stable. Oxidation of fatty acids lead to membranes degradation. 
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Lower levels of protein were reported in non-viable aged seeds than in 
viable seeds (Nautiyal et al., 1985). Basavarajappa et al. (1991) reported 
that water-soluble proteins were reduced by 50% after accelerated aging. 
Therefore, these reductions in protein could contribute to the low vigor in 
accelerated aged seeds in this study. 
Differences in electrical conductivity (EC) between genotypes were 
similar to those reported by previous investigators (Abdul-Baki and 
Anderson, 1972; Basavarajappa et al., 1991; Santipracha et al., 1997). 
Abdul-Baki and Anderson (1972) hypothesized that differences between 
genotypes in cell leachates could be related to the metabolic activities of the 
seeds. Seeds with low metabolic activities would restore membrane integrity 
at slower rate during imbibition. Seed produced in Illinois had the highest 
overall quality as shown by the vigor tests. The two checks included in this 
study were more vigorous than all the new inbred lines, and inbred 5 had 
the highest EC, especially in seed produced in Nebraska. 
The data from the soak test confirmed the findings by Khosravi and 
Anderson ( 1990). They reported that inbred lines were affected differently by 
soaking. This study did not measure the metabolic activities to explain all 
the processes that take place during flooding or soaking. However, 
previous studies were able to demonstrate that lethal toxicity (Khosvari and 
Anderson, 1990) carbon dioxide accumulation (Martin et al., 1988 and 
Cerwick et al., 1995), caused reduction in germination of maize inbred lines 
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that were sensitive to flooding as simulated by soaking the seeds in water. 
The other possible explanation for the genotypic differences could be 
imbibitional injury to the seed membranes. Low vigor seeds were unable to 
recover from this damage, because, as discussed earlier, low vigor seeds 
have low metabolic activities. 
The oil and protein content of the seeds changed from its original 
amounts for most inbred lines. However, inbred 5 had slight increase oil 
and protein, while in all the other inbred lines protein and oil contents were 
reduced (fig. 6 & 7). These findings were similar to previous findings on the 
effect of environment on seed composition reported in lupin (Bhardwaj et al., 
1998) and soybean (Pfeiffer et al., 1995 and Maestri et al., 1998). Maestri 
et al. ( 1998) reported that in soybeans, protein content varied among 
production locations. Soybeans grown under warmer conditions produced 
beans with higher oil content. However, results from the present study 
showed that in maize, the opposite is true. The warmest locations produced 
seeds with the lowest oil and protein content. Bhardwaj et al. ( 1998) 
reported that environmental effects on protein content in lupin seeds was 
not significant, indicating that protein content was largely controlled by the 
seed genotype. They reported significant effect of the environment on oil 
content, which is in agreement with the findings of this study. Pfeiffer et al. 
(1995) also found that protein did not differ among locations, but oil content 
did in soybeans. 
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There are two important enzymes involved in partitioning sucrose and 
glutamine into oil or protein (Siedow and Day, 2000), PEP carboxylase (PC), 
which converts sucrose to protein and pyruvate kinase (PK) which catalyses 
PEP pyruvate reaction. Oil and protein production are inversely related, if 
more oil is produced less protein is produced because they share the same 
secondary products. PC is less affected by high temperature as opposed to 
PK, which could explain why in warmer conditions more protein will be 
produced. However the present study found the opposite. Seeds grown in 
the hottest environment had the lowest protein levels. This could suggest 
that other factors like the amount of nitrogen in the soil, which has also 
been reported to affect production of protein were involved. This study 
showed significant reductions from the initial levels of oil and protein. Oil 
reductions were pronounced greatly; however changes from between inbred 
lines were small compared to protein (fig. 6 & 7). 
The significant differences observed in seed weight may be due to 
genotypic differences. However, previous studies on the relationship of seed 
quality and seed size were inconclusive (Hunter and Kannenberg, 1972 and 
Shieh and McDonald, 1982). In the present study, seed weight had a 
positive effect on seed quality. The differences between Mol 7 and B73 on 
seed weight were also evident in the derived inbred lines. St Croix x Mol 7 
derived lines had heavier seeds than Argentina x B73 regardless of seed 
composition. 
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The overall seed quality and seed composition of the inbred lines 
varied among locations of production. This suggested that selection for seed 
composition could be difficult. The overall seed quality ranged from average 
to slight good quality IQI of 5 or above. Seed composition and genetic 
background did not affect inbred lines. However, 873 and Mol 7 still 
showed superior quality to all the other lines. 
High protein inbred lines showed high vigor and some tests and 
certain germplasm background within similar seed composition were more 
vigorous. Germplasm with low seed protein had the lowest seed quality. It 
also had higher levels of mechanical damage, which contributed to lower 
quality (Data not shown). For this reason further studies are recommended 
to establish the effect of seed composition on seed quality. 
In conclusion, seed quality differences were evident among the inbred 
lines. Some genotypes had more tolerance to cold (Inbred lines 4, 6 and 8). 
Location where seeds were produced had an effect on seed quality. Highest 
overall quality seeds were produced from IL. Seeds produced in IA had the 
highest overall cold test value, which suggested that seeds produced in 
cooler areas had cold acclimation. Low protein inbred lines had low vigor 
compared with high protein inbred lines. When protein content was high, 
seed quality was high regardless of the oil content. Inbred lines containing 
germplasm from Argentina had the highest seed quality. This suggested 
that Argentina germplasm is adapted to the US Cornbelt. 
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Table 1. Entry number, seed composition and genotype description of the 
Inbred lines used in the study. 











LP - low protein (9-11 %) 
HP- high protein (15.8-17%) 
LO - low oil (2.5-3%) 
HO - high oil (5.8-7%) 
Genotype 
SCRO l:N1310-378-11-1-1-7-3-B 
SCR01:N1310-378-11-1-1- 4 - 4 - B 
AR16035:S02-235-1-1-6-4-7-B 
AR16035:S02-235-1-1-6-6-11-B 
SCR01:N1310-338-31-6-2- 1 -6 - B 
AR 16035: S02-235-1-1-6-6-3-B 
AR16035:S02-235-1-1-6-3-13-B 
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Fig 1. Mean standard germination percentage of ten inbred 
lines grown in four locations-Iowa (IA), Nebraska (NE), 
Missouri (MO) and Illinois (IL). 
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Table 4. Mean standard germination test results in percentage of seeds 
of ten inbred lines produced in four locations - Iowa (IA), Missouri 
(MO), Illinois (IL) and Nebraska (NE). 
Locations 
Inbred IA MO IL NE 
----------------------------- °/o -----------------------------
1 88 77 91 81 
2 69 87 89 77 
3 85 48 88 73 
4 93 48 75 87 
5 72 75 89 52 
6 85 71 53 69 
7 71 52 83 77 
8 80 64 77 71 
B73 88 69 83 89 
Mo17 56 89 84 59 
LSD (o.os) 17 18 16 15 
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Table 5. Statistical significance of contrasts comparisons of groups of 
inbred lines for Standard Germination (Std germ), Cold Test, 
Accelerated Aging (AA),Seed Weight (Wt), Electrical Conductivity (EC) 
and Soak test (Soak). 
Contrasts Std germ Cold AA Wt EC Soak 
Test 
HPAvs. HPS ns ns ns *** ns ns 
HO vs. LO ns ns ns ns ns ** 
HOA vs. LOS ns ** * ** ns *** 
LP vs HP ns * * *** ns *** 
Mo17 vs. HPS ns ns * ns ** ns 
Mo17 vs LOS ns ns ** ns * *** 
B73 vs. HPA ns ns ns ns * ns 
B73 vs HOA * ns ns ns ns * 
Mo17 vs B73 ns ns ns ** ns ns 
*, **, ***. Significant at the 0.05, 0.01 and 0.001 levels of probability, 
respectively. Non-significant (ns) at the 0.05 level. 
HP- high protein, LP- low protein, HO- high oil, LO- low oil, A- Argentinean 
background, S- St Croix background. 
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Table 6. Mean Standard Germination (Std germ), Saturated Cold Test 
(cold test), Accelerated Aging (AA), and Soak test of ten inbred 
lines in four locations (IA, MO, IL and NE) 
Inbred Std germ Cold test AA Soak test 
----------------------------- O/o -----------------------------
1 84 58 54 75 
2 81 72 61 81 
3 74 64 63 69 
4 76 63 68 79 
5 72 49 49 38 
6 70 62 65 64 
7 71 68 65 69 
8 73 70 56 76 
B73 82 60 58 83 
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Fig 2. Means saturated cold test percentage of ten 
inbred lines grown in four locations-Iowa (IA), 
Missouri (MO), Illinois (IL) and Nebraska (NE). 
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Table 7. Means saturated cold test in percentage of ten inbred lines 
produced in four different locations- Iowa (IA), Missouri (MO), 
Illinois (IL) and Nebraska (NE). 
Locations 
Inbred IA MO IL NE 
----------------------------- O/o -----------------------------
1 60 37 73 61 
2 52 73 84 80 
3 69 55 52 80 
4 77 53 52 68 
5 57 37 65 36 
6 88 43 39 77 
7 75 51 77 71 
8 81 59 60 80 
B73 71 57 77 59 
Mo17 57 65 40 48 
LSD(o.osi 32 22 23 24 
~ 
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SE= 8.45 








Fig 3. Means accelerated aging test percentage of ten 
inbred lines grown in four locations- Iowa (IA), 
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Fig 4. Mean soak test percentage of ten inbred lines 
grown in four Locations-Iowa (IA), Missouri (MO) 
Illinois (IL) and Nebraska (NE). 
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Table 8. Accelerated aging means in percentage for ten inbred lines 
produced in four different locations- Iowa (IA), Missouri (MO), 
Illinois (IL) and Nebraska (NE). 
Locations 
Inbred IA MO IL NE 
----------------------------- O/o -----------------------------
1 37 51 77 51 
2 41 75 67 60 
3 48 64 93 48 
4 65 63 56 88 
5 43 41 77 35 
6 57 63 63 76 
7 43 47 87 84 
8 45 59 67 53 
B73 45 68 53 64 
Mo17 56 81 89 61 
LSD(o.osi 32 22 24 26 
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in four different locations - Iowa (IA), Missouri (MO), Illinois (IL) 
and Nebraska (NE). 
Locations 
IA MO IL NE 
----------------------------- Ofc> -----------------------------
64 67 92 77 
72 79 89 83 
61 55 85 75 
84 67 80 84 
20 45 53 35 
76 52 57 71 
57 47 92 79 
75 55 91 83 
95 73 79 85 
72 91 93 60 
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Fig 5. Means electrical conductivity test of expressed in 
microsiemens/ seed of ten inbred lines grown 
in four locations-Iowa (IA), Missouri (MO), Illinois 
(IL) and Nebraska (NE). 
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Table 10. Electrical conductivity in microsiemens (µs) per seed of ten 
inbred lines in produced in different locations- Iowa (IA), Missouri 
(MO), Illinois (IL) and Nebraska (NE). 
Locations 
Inbred IA MO IL NE 
----------------------------- µs -----------------------------
1 5.0 7.3 4.6 7.1 
2 7.0 3.5 4.5 4.9 
3 4.5 4.6 3.0 4.3 
4 3.6 5.0 6.5 3.4 
5 5.3 3.9 2.1 9.5 
6 4.5 3.7 4.2 4.1 
7 4.8 3.7 4.0 3.7 
8 4.5 5.2 4.2 4.8 
B73 3.9 2.0 2.3 2.4 
Mo17 3.7 2.6 3.0 4.2 
LSD(o.osi 1.5 2.1 2.0 2.3 
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Table 11. Electrical conductivity (EC) means in µs/ seed, Protein and 
oil content in percentage and 100 seed weight (seed wt) in 
grams of ten inbred lines grown in four locations (Iowa, Missouri, 
Illinois and Nebraska). 
EC Protein Oil Seed wt 
Inbred (µs/seed) O/o % (grams) 
1 6.0 12.3 3.4 14.4 
2 4.9 13.5 3.5 15.1 
3 4.0 14.4 3.1 9.9 
4 4.6 14.6 2.8 11.0 
5 5.1 9.9 3.2 14.9 
6 4.1 14.9 2.7 10.9 
7 4.0 13.9 3.1 11.5 
8 4.6 13.8 2.9 12.0 
B73 2.6 10.8 2.8 11.7 
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Fig. 6 Changes in the percentage of protein percent content 
in the seed of ten inbred lines, from the original seed 
lots planted to the experimental seed harvested. 
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Fig. 7 Changes of oil percent content of genotypes 
from the initial content before planting to the 
actual after planting 
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produced in different locations-Iowa (IA), Missouri (MO), Illinois 
(IL) and Nebraska (NE). 
Locations 
IA MO IL NE 
----------------------------- granis -----------------------------
10.9 15.8 16.1 14.7 
13.3 15.6 17.0 14.8 
10.4 9.9 11.6 7.9 
10.0 11.4 11.5 11.3 
15.5 14.1 15.9 14.1 
10.7 11.9 9.9 11.1 
10.5 10.3 13.1 12.1 
11.2 11.5 13.2 12.1 
12.3 12.0 12.0 10.5 
14.6 15.1 15.7 15.0 
LSD(o.os) 1.5 0.5 0.7 3.1 
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Table 13. Mean inbred quality index (IQI) values of ten inbred lines 
produced in different locations-Iowa (IA), Missouri (MO), Illinois 
(IL) and Nebraska (NE). 
Locations 
Inbred IA MO IL NE 
----------------------------- IQI -----------------------------
1 5.7 4.4 7.1 5.0 
2 4.2 7.1 7.2 6.4 
3 6.2 5.2 8.0 6.3 
4 8.1 5.0 4.5 7.5 
5 4.1 5.4 8.9 1.6 
6 7.1 6.5 4.8 6.7 
7 5.7 5.4 7.9 7.3 
8 6.0 4.4 6.9 6.2 
873 7.0 7.9 8.1 8.0 
Mo17 6.6 8.4 8.1 6.0 
LSD(o.osi 1.5 1.8 2.1 2.6 
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Table 14. Inbred quality index (IQI) and relative Ranking produced in 
four locations (Iowa, Missouri, Illinois and Nebraska) 
Inbred IQI Ranking 
1 5.4 9 
2 6.3 5 
3 6.5 3 
4 6.3 5 
5 5.0 10 
6 6.3 5 
7 6.6 4 
8 5.9 8 
B73 7.7 1 


































Fig. 8 Means for standard germinatin (std germ.), 
cold test, accelerated aging (AA), and soak 
test averaged over locations. 
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CHAPTER 4: GENERAL CONCLUSIONS 
Maize (Zea mays L.) is the staple food for most Asian and African 
countries, and also an important source of calories and dietary protein to 
humans and animals. The demand for more nutritious and abundant food 
and feed leads breeders to search for characteristics in a wide range of 
exotic germplasm. It is essential that the improvement of the nutritional 
value of maize is not done at the expense of seed quality. In addition to 
agronomic characteristics, seed quality should be considered throughout 
the cultivar's development process. Seed scientists are concerned that 
breeders do not evaluate seed quality characteristics in their breeding 
programs. 
The objectives of this study were i) characterize the inbred lines for 
seed quality, ii) assess the effect of oil and protein content of seed quality 
and iii) determine the effect of genetic background and location of seed 
production on seed quality. Inbred lines used in this study were developed 
by crossing two elite lines (Mo 17 and 873) with St Croix and Argentina 
germplasm, respectively. They were grown in four locations of the US Corn 
Belt (Iowa, Missouri, Illinois and Nebraska). 
Seed quality was measured by standard germination test and a series 
of vigor tests (AA, EC and cold test) and soak test. Seed weight, protein and 
oil were also evaluated. Means within and among locations were calculated 
and compared. Genotypes x location interactions were significant. Genotype 
88 
x location interactions were significant in tests, therefore lines were 
evaluated separately for each location. 
Standard germination in IA ranged from 48% to 93 %. In MO seed 
germination ranged from 52% to 89 %. In IL, germination ranged from 53% 
to 91 %. In NE, germination ranged from 52% to 89%. Seed produced in IL 
had the highest overall average germination percentage. This could be 
attributed to favorable weather patterns during seed growth and 
development. Abundant precipitation in August, which coincided with 
seeds development, and cool and dry conditions in September (seed 
maturation) are ideal for production of high quality seed. Group 
comparisons of seed composition and genetic background did not show 
significant differences in standard germination test results. 
Cold test germination in IA ranged from 52% to 88%. Seeds produced 
in MO had cold test value ranging from 37% to 73%. Cold test value in IL 
ranged from 39% to 84%. In NE, cold test value ranged from 36% to 80%. 
Seeds produced in Iowa had the highest cold test with an overall average of 
69%, followed by seeds produced in Nebraska with 62%. These locations 
had similar weather conditions especially at the time of pollination. 
Accelerated aging (AA) is used to predict seed storability. AA values in 
IA ranged from 37% (Inbred 1) to 65% (inbred 4). In MO, AA values ranged 
from 47% (Inbred 7) to 75% (inbred 2). In IL, AA values ranged from 53% 
(873) to 93% (inbred 3). In NE, AA values ranged from 35% (inbred 5) to 
89 
88% (inbred 4). Seeds of Mol 7 produced in IA and NE had the lowest AA 
values while those produced in MO and IL had the highest values (81 % and 
89%, respectively). Inbred lines with Saint Croix background had lower AA 
percentage than inbred lines with Argentina background. In accelerated 
aged seeds, membrane degradation occurs as a consequence of the 
oxidation of unsaturated fatty acids. Oils from exotic maize are slightly 
more saturated than those of U.S. origin. 
Seeds produced in IA and MO had the lowest vigor as determined by 
high cell leachate, and seeds in IL had the highest vigor as defined by low 
electrical conductivity. EC for seeds produced in IA ranged from 3.6 µs 
(inbred 4) to 7.0 µs (Inbred 2). Seeds of inbred 2 produced in MO had the 
lowest EC of 3.5 µs, while inbred 1 had the highest EC of 7 .3 µs. Inbred 1 
produced in IL had the highest EC of 4.1 µs while inbred 5 had the lowest 
EC of 2.1 µs. Seeds with low metabolic activities would restore membrane 
integrity at slower rate during imbibition. 
The inbred quality index (IQI) and seed composition varied among 
locations of production. This suggested that selection for seed composition 
could be difficult. The IQI value ranged from average to slightly good quality 
of 5 to 7. 
Crossing the elite inbred lines (B73 and Mo 1 7) with exotic germ plasm 
did not alter quality of the seed. The elite inbred lines were still superior in 
inbred quality index. Seed composition had an effect on seed quality. High 
90 
protein inbred lines were more vigorous than low protein lines. However, low 
protein inbred lines also had low initial oil content, and suffer the highest 
level of mechanical damage. 
Genetic background had an impact on seed quality. Inbred lines with 
St Croix germplasm had heavier seeds than those with Argentina 
germ plasm. 
The inbred lines used in this experiments show differential regional 
adaptation. Seeds produced from the IL location were heavier and had the 
best overall quality. We observed a possible correlation between seed weight 
and seed quality. Location where the seeds were produced had a strong 
influence on the resulting quality of the seed produced. Seeds produced in 
IL had the highest overall quality, while those produced in MO had the 
lowest. Seeds produced in IA had the highest cold test value. Inbred lines 
4, 6 and 8 were superior for cold test. This indicates that these lines are 
more tolerant to cold and could be useful in breeding for cold tolerance. 
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ADDITIONAL TABLES 













Loe= Location, Geno=Genotype 
A2. ANOVA for Saturated Cold Test 
Source df SS 
Loe 3 4286 
Geno 9 5939 
Loe x geno 27 14523 
Loe= Location, Geno=Genotype 
A3. ANOVA for Accelerated Aging 
Source df SS 
Loe 3 9165 
Geno 9 5154 
Loe x geno 27 13746 






































A4. ANOVA for Hundred Seed Weight 
Source df SS MS F-value Pr> F 
Loe 3 44 14 13.77 <0.0001 
Geno 9 430 47 44.07 < 0.0001 
Loe x geno 27 98 4 3.37 < 0.0001 
Loe= Location, Geno=Genotype 
AS. ANOVA for electrical conductivity 
Source df SS MS F-value Pr> F 
Loe 3 11669 3889 4.57 0.0053 
Geno 9 60011 6667 7.83 <0.0001 
Loe x geno 27 92367 3421 4.02 < 0.0001 
Loe= Location, Geno=Genotype 
A6. ANOVA for soak test 
Source df SS MS F-value Pr> F 
Loe 3 5543 1847 15.54 <0.0001 
Geno 9 18277 2030 17.08 <0.0001 
Loe x geno 27 10619 393 3.31 <0.0001 
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